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Introduction
The role of international trade in conveying technology flows across countries has been both theoretically elaborated and empirically supported. A considerable number of papers on the so called "trade-related Research & Development (R&D) spillovers" has cumulated over the last twenty years (extensive surveys are Keller, 2004; van Pottelsberghe de la Potterie, 1997) . A recent development of this research stream is the "indirect" nature of R&D spillovers via-trade. In brief, the idea that these spillovers can occur between two countries also through intermediate ones, even if they are not trading partners (Lumenga-Neso et al., 2005) . A brief example, adapted from Lumenga-Neso et al. (2005 , p. 1787 , could help in clarifying the point. Suppose we have a simple World of just 3 countries: Belgium, the Netherlands and the US; and that while the Netherlands trade with both Belgium and the US, Belgium does it with the Netherlands only. In the standard R&D spillovers framework, that would entail the US technological knowledge 0954-349X/$ -see front matter © 2011 Elsevier B.V. All rights reserved. doi:10.1016/j.strueco.2011.04.003 diffuses through trade to the Netherlands only, directly. However, some of the US produced knowledge would reach Belgium too, indirectly, being available in the Netherlands.
This idea represents for us an important, although not yet fully recognized, development of the literature on the international diffusion of technology (e.g. Eaton and Kortum, 1999) . Not only does such a diffusion depends on the "geographical" distance among countries, as the bulk of the literature retains (e.g. Keller, 2002) . But it also depends on what we call the "economic" distance between them, in terms of "trade-rounds". This adds a further dimension to the manifold notion of "proximity" in economic studies (Boschma, 2005) . Indeed, technology diffusion between two geographically close countries, could be weakened (or magnified) by the fact that they are distant (or close) economic partners.
The aim of the paper is to provide a measurement of this economic distance between countries, and to evaluate its impact on the international diffusion of R&D through trade. In order to do that, we refer to the input-output idea of Average Propagation Length (APL) (Dietzenbacher et al., 2005) -of a final demand or value added shockand we extend it from its original, domestic intersectoral setting to an inter-country, aggregate one. More precisely, a country-by-country APL matrix is built up by drawing on their bilateral imports. Such a matrix is then used to weigh the domestic R&D expenditures which become available abroad and to obtain a more accurate measurement of the relative stock. Finally, the impact on Total Factor Productivity (TFP) of this available R&D stock is estimated for 20 OECD countries over the decade [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] , and compared with that of the R&D stock produced by them domestically and by their direct partners only.
The paper is organized as follows. Section 2 reviews the literature on trade-related R&D spillovers and distinguishes direct from indirect foreign R&D spillovers. Section 3 re-frames the notion of "indirect" R&D spillovers and defines the inter-country APL as a measurement of the economic distance between countries. Section 4 discusses the econometric model and its empirical specification. Section 5 presents the econometric results. Section 6 concludes and illustrates some future research lines.
Trade-related R&D spillovers: direct vs. indirect
Trade-related R&D spillovers are technology flows which diffuse across countries through their import-export relationships. For this reason they are retained an "embodied" kind of flows. In brief, by investing in R&D, exporting firms introduce in traded commodities ameliorations and improvements, which are "embodied" in them and make the related knowledge circulate across countries. What is more, the exporting firms are unable to fully charge the importing firms for this incorporated knowledge, thus allowing them for a "rent R&D spillover" (Griliches, 1979 (Griliches, , 1992 .
Trade-related R&D spillovers are inherently diverse from those occurring through Foreign Direct Investments (FDI) (van Pottelsberghe de la Potterie and Lichtenberg, 2001) . By making R&D investments abroad, Multi-National Corporations (MNC) create new technological knowledge which partially spillovers on the firms of the host-country. This occurs even in the absence of an underlying market transaction between MNC and local firms (as different from a simple interaction): that is, in a "disembodied" way. The fact that knowledge is non fully appropriable is enough to have "pure knowledge" spillovers. 1 International R&D spillovers have been investigated also with respect to other disembodied flows. Following the method proposed by Jaffe (1986) , pure knowledge spillovers have been mapped by looking at the technological similarity between sectors, as captured by cross-patent citations in technology-flow matrices (e.g. Verspagen, 1997) . Patent citations have been also used to investigate the role of geographic distance in driving the impact on TFP of domestic vs. international spillovers (e.g. Jaffe et al., 1993) , controlling for the absorptive capacity of the recipient country (Mancusi, 2008) , the origin of R&D funding (Guellec and van Pottelsberghe de la Potterie, 2004) , and other characteristics of the institutional set-up. Recently, increasing attention has being devoted to the role of information technology in international R&D spillovers and productivity growth (Tang and Koveos (2008) , for example, use international telephone traffic as means of disembodied R&D flows). A survey of the massive literature on the topic is out of this paper's reach (for a review see Saggi, 2002) . However, overall it seems to us that, at least in the OECD area, bilateral trade is still an important channel for international R&D spillovers, especially vs. FDI, whose impact is instead relatively small (Zhu and Jeon, 2007, p. 955) . Accordingly, trade-related R&D spillovers deserve more careful investigation (Bitzer and Geishecker, 2006 ), a research stream along which this paper places.
Once identified as an important channel of international technology diffusion, trade is also a potential driver of economic growth (e.g. Jacob and Los, 2007) . In particular, it enables innovation to flow across countries, for example via the increase in the number and quality of intermediate inputs (Grossman and Helpman, 1991; Peri, 2005) . Accordingly, the foreign R&D stock of a country can be expected to impact on its TFP as well as its domestic one.
The issue then becomes an empirical one, in which an accurate index of the foreign trade-related R&D capital stock (hereafter foreign R&D stock) has to be worked out. This is a research question which Coe and Helpman (1995) (CH hereafter) for first addressed by suggesting to equate the foreign R&D stock of a certain country to the 1 One might just think of those spillovers which pass through "demonstration effects" of the new technology by the MNC to the local firms, or through the "employment effects" related to the local workforce training and mobility. Different is instead the case of those spillovers which pass through the vertical (both backward and forward) and horizontal linkages MNC have with the domestic suppliers-clients and competitors, respectively. In the presence of an underlying market transaction, the disembodied flows actually combine with embodied, rent ones. A certain combination can be traced also with respect to trade, where disembodied spillovers can add to embodied ones by considering that international trade can simply "expose" the foreign knowledge to the importing country (van Pottelsberghe de la Potterie and Lichtenberg, 2001 ) Still, unlike trade-based, FDI-based R&D spillovers should be considered for us disembodied flows (e.g. Kim and Lee, 2004) , rather than embodied ones, as some authors claim (e.g. Tang and Koveos, 2008).
import-weighted sum of the domestic R&D capital of its trade partners. In so doing, they found that the foreign R&D stock actually had a significant impact on the TFP of a number of OECD countries over the period 1970-1990. This seminal work stimulated a lot of reactions and extensions. On the one hand, a number of papers have tried to extend the original setting, by including additional explanatory variables -in particular, human capital (Engelbrecht, 1997) and the institutional set-up (Coe et al., 2009 ) -and by enlarging the data coverage (Madsen, 2007) . In general, these extensions confirm the CH results on the role of international trade in diffusing knowledge. On the other hand, less confirming is a thread of papers which focus on the sensitivity of the results to the measurement of foreign R&D. Lichtenberg and van Pottelsberghe de la Potterie (1998) (LP hereafter), for example, identified in CH an "aggregation-bias" due to mergers among foreign countries. Accordingly, they suggested to correct the original weighting scheme of foreign R&D and divided its weights by the GDP of the exporting country. 2 Along this thread, the work by Keller (1998) is particularly important. Not only because did he not obtain worse results than CH by weighing their foreign R&D data with allegedly random, rather than with observed trade shares (Coe et al. (1999) actually showed them not being actually random). But also and above all because he got an even better outcome by equating the foreign R&D of each country to the simple sum of the domestic R&D produced by all the other countries.
As Lumenga-Neso et al. (2005) (LOS hereafter) argued, rather than a supposed proof of the trade irrelevance in conveying technological knowledge, Keller's application might point to a different concept of foreign R&D stock, which they call available. Indeed, by importing from a foreign country, not only does a domestic one benefit from the R&D investments of the former -direct foreign R&D spillovers. But also from those R&D investments made by other foreign countries, with which the initial foreign country only has traded, while the domestic one has notindirect foreign R&D spillovers. LOS' contribution adds a further important piece to the "mosaic" of the productivity impact of foreign R&D stock.
The distinction between direct and indirect traderelated spillovers appears to us extremely interesting and appealing. As we will argue in the next section, it brings to the front the "economic" distance which separates countries in terms of trade rounds. This distance, we claim, affects the extent to which domestic countries can actually access the foreign R&D stock available abroad and the extent to it impacts on their TFP.
Indirect foreign R&D and economic distance: the "Average Propagation Length"
Following LOS, R&D spillovers (trade-related will be omitted hereafter) are indirect as they are embodied in commodities which go from the foreign to the domestic country through at least one intermediate country. In the example we made in the introduction (Section 1), this is the case of Belgium, which intermediates the R&D from the US to the Netherlands. However, the intermediation could be represented by two or more countries. In the same example, the Netherlands could benefit from the R&D of Japan, if the US in turn imports from it. And this is so even if neither the Netherlands, nor Belgium trade with Japan. The Japanese R&D spillovers available to the Netherlands are still indirect, but evidently not as indirect as the US ones. While the latter go through one "trade round", the former require two trade rounds to become available to the Netherlands. 3 In our opinion, an appropriate measurement of the foreign R&D available to a domestic country should take this into account, and more explicitly than LOS do.
First of all, let us clarify what in our framework traderound means. One generic country j normally satisfies another country i's demand of imports, m ij , by processing commodities it also imports from other countries, such as, for example, country k: m jk · m jk is thus a function of m ij , and we can write m jk (m ij ). 4 To satisfy this demand, country k, in turn, may require commodities from another generic country z, so that we can write m kz (m jk (m ij )), and the same might hold true for z with respect to another trade partner, s, of it, that is m zs (m kz (m jk (m ij ))), and so on. Hence, country i adds to its direct imports from j, m ij , the indirect ones required after the first step trough each generic country k, k m jk (m ij ), those after the second step trough each generic country z, k,z m kz (m jk (m ij )), and so on. In this framework, therefore, a trade-round is a step of a global production process which occurs at the inter-country level.
The sequence of these trade-rounds between two countries defines a trade-chain along which we can identify a particular kind of distance between them. As it is determined by the international structure of production and by the countries' specialization patterns, this distance is economic rather than geographic. Taking into account the role of transportation costs, this distance may be related to a standard geographical one: close economic partners in terms of trade could be expected to be geographically close too, and the trade-chain to have a correspondent spatial dimension. However, especially in a world trade network (De Benedictis and Tajoli, forthcoming) which is much "flatter" than it used to be in the past (Friedman, 2007; Stiglitz, 2007) , this cannot be taken for granted. For instance, two countries such as Belgium and the Netherlands, which are geographically close, could be distant in economic terms if their specialization patterns are in commodities which require a lot of trade-rounds between them. 5 Finally, let us note that, unlike the geographical distance, the economic distance is not symmetric, cause the economic distance from country i to country j is not necessarily the same from that separating j from i.
The sequence of trade-rounds which constitutes the trade-chain between countries obviously takes (real) time to be covered, and would thus require a dynamic model to be investigated. However, even in a static framework, in which all the trade-rounds are assumed to occur simultaneously with respect to the real time, each of them can be retained in a different logical time. Furthermore, as shown by the input-output based literature on product-embodied R&D diffusion (e.g. Papaconstantinou et al., 1998 , Sakurai et al., 1997 , different sectors have different propensity to rely on their own R&D, rather than on that of other sectors: the distinction between manufacturing and services in this last respect is crucial. Similarly, different sectors have different propensity to acquire and diffuse embodied R&D abroad, rather than domestically: for example, ICT is emerging as the most acquired sector in the OECD area. On this basis, trade-rounds for foreign R&D among countries should be taken to have sector specific sequences and length. An accurate account of their TFP impact would thus require us to measure such a kind of rounds along intersectoral trade diagrams, as suggested by Wixted (2009) . However, while making the analysis more accurate, adding an intersectoral dimension to the inter-country (bilateral) one would have strongly reduced the country and time coverage of the empirical analysis because of the lack of consistent data. In the present paper the trade off is resolved choosing an aggregate level of analysis so to increase data coverage. This choice also improves the comparability of our results with the other studies derived from CH's seminal work.
Economic distance between countries and international technology diffusion
The literature on the impact geographic distance has on the international diffusion of technology is quite large (Keller, 2002 (Keller, , 2004 Mancusi, 2008) . In spite of some apparent contradictory results, the effects foreign R&D has on the domestic productivity seems to decline with the geographic distance between countries. To the best of our knowledge, which effect the economic distance between countries (the way we define it) has on the international diffusion of technology, instead, has not received great attention yet. While the literature on the world trade network (e.g. De Benedictis and Tajoli, forthcoming ; Fagiolo et al., 2009) has recently moved important steps in understanding the structure of indirect trade relationships, the analysis of their role in the issue at stake is still among its potentialities.
By combining these two streams of literature, in the paper we assume that the economic distance between the sender and the recipient country exerts on the transmitted R&D a "decay rate" similar to the geographic one. But for different reasons. First of all, the longer the economic distance between two countries -that is the higher the number of trade-rounds between them -the lower the rent the recipient country can benefit from the R&D of the supplier. By getting repeatedly embodied in an increasing number of countries, such a rent spreads among an increasing number of appropriation sources, and thus diminishes. Second, considering the economic distance as a component of the wider social one between two countries, the longer it is, the larger the frictions which make the received knowledge progressively less consonant to the transmitted one (as it happens in the classic word-of-mouth game). In both respects, in the static framework we assume, the decay-rate is naively instantaneous. In a dynamic framework, instead, with the passage of time, a longer economic distance increases the possibility that the recipient country develops more efficient domestic, technological knowledge before the foreign knowledge reaches it, thus becoming the latter obsolete. 6
The Average Propagation Length of foreign R&D
In trying to measure the economic distance between countries, we exploit an interesting analogy with the ideas of production-round and Leontief multipliers developed within the Input-Output (IO) analysis. 7 This analogy appears evident when we formalize our account of direct and indirect trade relationships (Section 2) and apply it to R&D as a proxy of technological knowledge. Following LOS, we can state that the total R&D available in each country (S t ) is the sum of the R&D produced domestically (S d ) and the R&D available in its trading part-6 Although the previous arguments support it in more than one respect, the assumption we make needs further discussion and empirical support. In particular, one should be able to reject the alternative hypothesis of a positive relationship between economic distance and the productivity impact of foreign knowledge. An hypothesis that could be supported by thinking of the synergies and super-additive effects trade intermediation might have. Although we do not think this is the case, in the empirical application we will control for this possibility.
7 Other useful analytical tools seem those provided by complex network analysis. Nonetheless, despite the many progresses made recently in the analysis of valued networks under the heading of "complex weighted network analysis" (see, for instance, Barthélemy et al., 2005) , most of the tools developed so far can be used only to analyze binary networks Therefore, the trade network is sometimes reduced for analytical convenience to a binary one (e.g. De Benedictis and Tajoli, forthcoming; Fagiolo et al., 2009 ). However, once "binarized" with no strictly positive threshold, this network becomes almost complete, given that it is not so common that two economies do not trade at all, and this leads to trivial results. For a discussion of the problems entailed in choosing the threshold see, for instance, Montresor and Vittucci Marzetti (2009) . An analysis of intersectoral "embodied" R&D flows by means of both IO analysis and network analysis is in Montresor and Vittucci Marzetti (2008) . ners weighted by the correspondent bilateral import-GDP ratios:
where M is the matrix of country-by-country import/GDP ratios, S d is the column vector of domestic R&D stocks and S t the column vector of R&D stocks available in each country. 8 Solving the previous equation for S t yields:
where I is the identity matrix.
Being the difference between S t and S d , the foreign R&D stock is thus given by:
The effect that an increase in the countries' domestic R&D ( S d ) has on the foreign R&D available ( S f T ) is therefore:
Eq. (4) transposes in analytical terms the step-wise process we have discussed in Section 3. The R&D produced by a country j ( S d j ) gets "embodied" into the goods another country i imports from it, which benefits from it proportionally to the incidence of these imports on its GDP. Eq. (4) is pretty similar to that through which standard IO analysis deals with the effects of a demand pull occurring in sector j ( f) on the total sectoral output of i ( x). By neglecting the round-zero effects -amounting to the initial demand-led increase of output ( x = f) -the direct and indirect effects of f on x in the subsequent production rounds can be written as:
where A is the input coefficient matrix, whose generic element is a ij = x ij /x j , x ij are the input deliveries of sector i to sector j and x j its total output. As is well known, the production rounds Eq. (5) refers to are those needed to produce the inputs required to produce f (round 1), the inputs for these latter inputs (round 2), and so forth, in a recursive way.
Quite interestingly, Eqs. (4) and (5) -from both of which round 0 effects have been dropped 9 -are conceptually identical, and this fact can be exploited to find the measurement of inter-country economic distance we are looking for. Our suggestion is that of extending to direct and indirect inter-country linkages of tradeembodied R&D flows the matrix of Average Propagation Lengths (V) Dietzenbacher et al. (2005) (DRB hereafter) have defined with respect to direct and indirect production flows between sectors.
Intuitively, in the standard IO Leontief model, the generic element of this matrix, v ij , can be defined as the average of the different (and infinite) production rounds -that is 1, 2, 3, . . .-linking sector i to sector j, weighted by their correspondent "production importance" (see Appendix A for a formal derivation). 10 Extending this idea to indirect foreign R&D spillovers, the APL between two countries, v * 
where ı ij (= 1 if i = j and 0 otherwise) is the Kronecker delta, l * ij is the generic element of L * :
and h * ij the generic element of H * :
where the previous matrix is simply the correspondent of the matrix H in the original intersectoral framework (Eq. (A.3) ). The two differs only because the matrix H has been transposed for consistency, since in the original IO framework the row indicates the source of the flow (i.e. the sector where the inputs come from), whereas here it is the column that indicates the source of the flow (i.e. the country where the imports come from). On the basis of the previous arguments, a matrix V * can be obtained, whose elements proxy the economic distance between countries. 11 Accordingly, the foreign R&D stock available in each country can be obtained by using them as weights for the R&D produced in the foreign countries.
It should be noticed that the method we suggest to weigh foreign R&D is only apparently similar to that put forward by LOS. Rearranging their own Equation (4), their available foreign R&D stock can be written as follows:
where M is, in their account, the matrix of bilateral import shares (m ii = 0 and j m ij = 1), I the identity matrix and a parameter of absorption capacity of foreign knowledge, defined on the domain [0, 1] (being = 0 the case of no absorption capacity, and = 1 that of perfect absorption).
In spite of the similarity with our Eq. (4), this specification suffers from some problems. The first one is conceptual: defining in terms of absorptive capacity does not seem completely adequate. The innovation literature deals with absorptive capacity as a specific characteristic of the individual countries involved in the knowledge diffusion process (e.g. Lall, 1992) . The LOS use instead seems a characteristic of the knowledge exchange between the countries, and of its frictions in particular. Only with this meaning, we claim, can be modeled as a countryinvariant parameter, as they do in Eq. (9).
With this interpretation, takes a meaning which is close to our APL between countries: the higher the number of trade rounds, the lower the amount of foreignknowledge available domestically, as with 0 < < 1 we have that > 2 > 3 > · · ·. However, unlike our APL, which is calculated on the basis of a (hopefully) sound economic argument, the value of to be used in their TFP regressions is rather estimated. More precisely, is identified by looking through grid-search the value that maximizes the fitness (R 2 ) of the different specifications of their model. In so doing, two further problems emerge. First of all, estimated values of > 1 (which actually emerge in their estimates) do not found a conceptual counterpart in their framework, even by treating as a parameter of a friction exchange. 12 Second, as they are estimated, the frictions of knowledge diffusion among countries might appear irrelevant even if they are simply small.
Empirical application
The empirical application we carry out is intended to illustrate the implications of our proposal in terms of impact on TFP of foreign R&D. In particular, in a comparative way with respect to other methodologies which have been put forward in dealing with the same issue.
By using bilateral trade data for 90 OECD countries, we estimate the TFP impact of the domestic and foreign R&D capital stocks of 20 of them, over the period 1995-2005. Although not very large, at the end, once compared with other works in the same literature, such a dataset draws on extensive intermediate information. Furthermore, it is simultaneously the longest and the most updated one can refer to by relying on officially available data, and for which data inaccuracy is thus minimized (see Appendix B).
The model we estimate is quite standard in the literature and use the following log-linear specification:
where TFP c,t is the Total Factor Productivity of country c at time t, ˛c a country dummy, S d c,t the domestic R&D capital stock, S f c,t the foreign R&D stock and c,t an error term. 12 How could country i absorb more than the R&D available in country j? Furthermore, the case of perfect absorption capacity is actually ruled out as = 1 would make the matrix (I − M) of Eq. (9) singular and thus non invertible: a problem that, as they themselves suggest, can be overcome by using country-by-country import/GDP ratios as we do in Eq. (4).
Following Section 3.1, we construct our own account of the foreign R&D stock:
In defining S f FMV , the domestic R&D (of the exporting countries) (S d ) is weighted by using the matrix W, defined as:
where l * ij is the generic element of the matrix L * (Eq. (7)) and v * ij the APL between country j and country i (Eq. (6)). In this formulation, the APL between two countries has a negative impact on the extent to which the domestic R&D of the former turns into the foreign R&D of the latter through trade. This is consistent with our hypothesis (Section 3.1) of a "decay-rate" effect induced by the economic distance between countries.
In order to control for the soundness of this hypothesis, we also allow for a more flexible impact of the APL on the international technology diffusion, and use for S f c,t the following weighting scheme:
In particular, the opposite hypothesis that trade-rounds increase the productivity impact of the transmitted knowledge is tested by performing a grid-search on . By making it span from = − 5 up to = 5, with = 0.005, we search for the value that maximizes the fitness of the regression. An estimated value of > 1 would of course contradict our hypothesis, while a < 1 would support it.
Following CH, and unlike LOS, we do not lag the stock of foreign R&D. First, because we found no evidence of endogeneity of R&D stocks. 13 Second, because the different time-lags needed in equilibrium for the foreign R&D stocks to affect TFP are already captured by the APL in our specification.
For the sake of comparison, in addition to our own, we estimate Eq. (10) with respect to other five specifications in which, ceteris paribus, S f c,t is built up according to the alternative methods put forward in the literature (see Section 2 and Table 1 for a summary of the different measures of foreign R&D stock).
In the first of them, we replicate the seminal approach of CH and construct the foreign R&D stock as S f CH = MS d , where M is the matrix of bilateral imports over each and every country's total imports.
In the second one, we instead use the approach LP suggested to solve the problem of aggregation bias detected in CH, and weight foreign R&D with bilateral imports divided by the GDP of the exporting country (S f LP ). 14 In the third specification, following Keller, we define the foreign R&D stock of each and every country (S f K ) as the 13 We test the endogeneity of foreign R&D stock by using as instruments one and two year lagged values of the variable. The null hypothesis of exogeneity is never rejected at the 10% significance level.
14 With respect to the aggregation bias, we must warn the reader that 
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simple sum of the correspondent rest of the world's R&D stock.
In the fourth specification, as in LOS, we calculate the total foreign R&D stock (S f LOS ) according to Eq. (9) by using the best fitting estimated value of .
In the fifth specification, as also done by LOS, we calculate the total foreign R&D stock (S f LOS2
), still according to Eq. (9), but by defining M as the matrix of bilateral import/GDP ratios. 15 As far as the econometric strategy is concerned, at the outset, we estimated a fixed effects model and run some diagnostics tests on it. In particular, we checked for homoskedasticity, using the modified Wald test, and conboth LOS measures and ours suffer from some form of bias produced by country aggregation, even when M elements are bilateral import/GDP ratios. This is similar to what happens in IO analysis in case of sectoral aggregation (see Miller and Blair, 2009, pp. 165-167) . So, for instance, although the authors do not analyze it, in LOS the aggregation bias is equal to:
where M * is the matrix of import/GDP ratios of the aggregated system and T is the aggregation matrix (Miller and Blair, 2009, p. 161) . The total aggregation bias vanishes if and only if:
that is if and only if:
A condition almost certain not to be met since countries have different bilateral import/GDP ratios. 15 In both these last specifications, is estimated by means of a grid search for that value which maximizes the overall fitness of the regression (R 2 ). In the first one, the search is carried out starting from 0 and increasing it by discrete changes of 0.005, up to 0.999. In the second one, the search is carried out in a larger range ([0, 3] ), allowing for the possibility that it can be greater than 1, with = 0.005. Enlarging the set further would have produced negative estimates of the foreign stock.
trolled for zero serial correlation, using the Wooldridge test (Wooldridge, 2002) . As shown in Table 3 , tests confirm the presence of both heteroskedasticity and serial correlation, forcing us to estimate the models using a Feasible Generalized Least Square (FGLS) estimator.
We also checked for the presence of nonstationarity in our series by running two panel unit root tests. A standard procedure in this last respect is that suggested by Levin et al. (2002) , which assumes that all panels display the same autoregressive parameter, that is a cross sectional common unit root is present. 16 However, as the variable of domestic R&D displays some missing values, it is not possible to run such test, which requires strongly balanced panels. Accordingly, we rather run Fisher-type tests (Choi, 2001) which, unlike the case of the previous test, allow for the autoregressive parameter to be panel specific: in this way we are also able to make robustness checks. As Table 2 shows, all the tests reject the null hypothesis of the presence of a unit root in our series, confirming that variables are stationary. Table 3 reports the estimation results of Eq. (10), carried out by using the Feasible Generalized Least Square (FGLS) estimator.
Results
The measurement of foreign R&D stock capital we propose (S f FMV , column (vi)) turns out significant in affecting TFP and with the expected positive sign. Furthermore, the point estimates of the correspondent coefficients recognize to foreign R&D (0.0437) a larger impact than to the domestic one (0.0138). This is a first important outcome, which confirms after one decade the seminal result CH obtained for the period [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] : trade matters in conveying foreign technological knowledge to the OECD countries. To be sure, once replicated with respect to our most recent period -1995-2005 -in the original CH specification, the foreign R&D stock (S f CH , column (i)) turns out non significant. Relying on direct R&D spillovers only, as CH do, thus appears currently more severe than in the past in attenuating the TFP impact of foreign technological knowledge. The increasing complexity and integration of trade at the worldwide level might have a role in accounting for this result. In the same vein can be interpreted the results of the Keller specification, whose foreign R&D stock (S f K , column (iii)) is also non significant, but possibly as an overestimation of the indirect R&D spillovers LOS point to.
The only other exception to the TFP significance of foreign R&D is that of the first LOS specification (S f LOS , column (iv)). On the one hand, this is apparently surprising, as LOS share the same indirect logic as ours. On the other hand, however, unlike our own approach, but like CH, this specification uses bilateral import shares as weights. As we noticed in the previous section, although substantially equivalent, this choice might entail methodological problems. 17 Looking for the specifications with the highest fitness, still referring to FGLS, those are our own FMV and LOS2, with only a marginal difference in the tests between them (see the Wald 2 ). This is an interesting, although some- 17 The way bilateral import flows are turn into ratios might have a role also in accounting for the results of the LP specification, where they are divided by the GDP of the exporting countries. While the positive TFP impact of the foreign R&D stock is confirmed (S f LP , column (ii)), that of the domestic one is exceptionally significant but negative. A result which is difficult to accommodate, even by retaining the different temporal span of the current application, unless by invoking the methodological problems LOS saw in the LP approach.
how ambivalent result. On the one hand, as expected, the relevance of indirect R&D spillovers through trade is double confirmed: while considering only direct trade flows, as done by CH, underestimates the productivity impact of foreign R&D, retaining direct and indirect trade flows indistinguishably, as in Keller, actually overestimates the same impact. On the other hand, our own approach might seem not to add much to LOS2, at least in terms of econometric outcomes. However, what we got is actually more than a simple confirmation of the LOS2 approach, but rather an important specification of it. If indirect trade-related R&D spillovers matter, as they also find, this is so in spite of the economic distance which separates countries, rather than in spite of their imperfect absorptive capacity, as they argue. Indeed, the grid search we performed on the weighting scheme with returned a value * = − 0.145, thus supporting the hypothesis that an increasing APL makes spillovers decrease. Also in the estimates carried out with LOS and LOS2 (columns (iv) and (v)), the grid search for the most fitting returns a value lower than one (0.65 and 0.895, respectively). However, such parameter appears significantly invariable across countries. As in the first application by LOS, also in our estimates, allowing for asymmetric deviations from the most fitting value to account for its variability across countries, or groups of countries (e.g. developed and developing countries), does not improve the fitness. This would amount to say, paradoxically and counterfactually, that all the investigated countries have the same (imperfect) capabilities to absorb and retain foreign technological knowledge from international trade.
In contrast to this odd interpretation, it seems to us what LOS actually found is that the "estimated" frictions which affect knowledge diffusion across-countries are countryinvariant. Or, alternatively, that the amount of "estimated" foreign knowledge which remains available to countries is the same, although the economic distance between them (captured by the matrix V) is inherently diverse.
The fact that the estimated differences across countries in the foreign knowledge available are significantly negligible, would seem to allow one to conclude that negligible are also the calculated differences in the economic distances between countries. However, this is not so, as S f LOS2
and S f FMV are conceptually and substantially different. First of all, as the trade-related diffusion of technology across countries is imperfect, S f FMV appears preferable as it encapsulates a measurement of the prime motive of this imperfection, rather than its estimated consequences. Second, S f FMV is also more accurate from an applied perspective given that it does not rely on any grid search.
Conclusions
International trade is an extremely important means of technology transfer. By importing from a foreign country, a domestic one can have a twofold technological benefit (Lumenga-Neso et al., 2005) . First of all, the latter gains from the R&D investments of the former, whose outcomes get embodied in the commodities it sells abroad, that is in terms of direct foreign R&D spillovers. Second, the domestic country also benefits from the R&D investments made by other foreign countries, with which the initial one has traded in turn, in terms of indirect foreign R&D spillovers.
Although the idea of indirect foreign R&D spillovers has been defined and measured by retaining direct and indirect trade flows, an accurate approach to it requires to consider that the same flows identify a very particular kind of distance, which we call economic distance. The analysis of the nature and effects of this distance in terms of international trade is the first value added of the paper.
By extending an argument originally developed in the Input-Output (IO) analysis, this economic distance can be proxied by calculating the average length trade takes in "propagating" knowledge flows across countries: in brief, the Average Propagation Length (APL), which is the second value added of the paper. Finally, this APL can be used to define an original notion of the foreign R&D capital stock available to a certain country, and to estimate the impact it has on TFP along with the domestic R&D capital stock and other standard controls. Indeed, in so doing, we can incorporate in this kind of standard exercise the novel, although quite intuitive idea, that foreign R&D gets through a decay rate because of the economic distance which separate two countries. On the one hand, because the rent the recipient country can benefit from the R&D of the supplier becomes "thinner". On the other hand, because the frictions which make the received knowledge progressively less consonant to the transmitted one also increase.
Our empirical application, carried out with respect to 20 OECD countries over the period [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] , show that the approach we put forward confirm, at least to a certain extent, the results obtained by other alternative approaches with respect to the same dataset. However, it provides for them a different and more accurate interpretation.
More precisely, one decade later (Coe and Helpman, 1995) seminal contribution, trade still matters in conveying foreign technological knowledge to the OECD countries. However, the TFP impact of the foreign R&D capital stock is in general significant, providing indirect trade flows are retained in transmitting foreign knowledge across countries.
Once compared with the previous models, our own seems to perform better than those which either neglect indirect R&D spillovers or simply pull them together with the direct ones indistinguishably. As expected, our model performs as well as those which incorporate indirect R&D spillovers, by discounting the decay rate trade imposes on international technology diffusion. However, we claim that, as the APL represents the prime reason of such decay, our approach should be retained conceptually and empirically more accurate.
Finally, the idea of APL of R&D across countries has a number of interesting possible extensions. The most direct one draws on the IO framework underpinning the APL idea, and consists of retaining an intersectoral specification for it. Using the recent developments in the constructions of IO tables at the worldwide level, and combining them with recent empirical work on trade cluster networks (e.g. Wixted, 2009) , one could try to measure the different APL different sectors have (in particular, ICT vs. other low-and medium-tech sectors). In so doing, an important interpretation to the evidence of the sector-specific TFP impact of foreign R&D could be provided.
